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The influence of the variation in the incidence angle on the photonic band gap spectra of a
one-dimensional dielectric photonic crystal with a complex defect layer, consisting of ultrathin
superconducting and dielectric sublayers, was theoretically investigated. The behavior of the defect
modes with different polarizations as a function of the incidence angle variation is studied
numerically for different thicknesses of the superconducting sublayer. The pronounced contrast in
behavior of TE- and TM-polarized modes was demonstrated. The intensity of the TE-polarized
defect mode decreases with increasing incidence angle, whereas the intensity of the TM-polarized
defect mode increases. The increase in the superconducting defect sublayer thickness leads to a shift
in the defect mode of TM-polarization to higher frequencies. © 2010 American Institute of Physics.
doi:10.1063/1.3494034
I. INTRODUCTION
During the last two decades much attention has been
focused on the theoretical and experimental investigation of
photonic crystals PCs or photonic band gap PBG materi-
als, due to promising applications of PCs in modern
photonics.1,2 These PCs can be presented as periodic one-
dimensional 1D, two-dimensional 2D, or three-
dimensional structures, composed at least of two different
materials with periods, comparable to the wavelength of the
incident electromagnetic wave EMW. The difference in the
refractive indices RIs values of the PC’s components leads
to the appearance of so-called PBGs in the spectra of the
normal EMWs, i.e., to forbidden regimes where EMWs can-
not propagate through the PC. It is well known that introduc-
tion of an extra element into the regular photonic structure
destroys the periodicity and leads to the appearance of a
narrow peak with high transmittivity at a frequency inside
the PBG, the so-called defect mode.1–3
For a long time intense efforts were devoted to studying
PCs composed of conventional materials: dielectrics and
metals. Nevertheless, such unconventional constituents for
PCs as magnetic and ferroelectric materials were investi-
gated as well.4–14 Another group of unconventional materials
for PCs, namely, superconductors was also studied in a num-
ber of theoretical publications for 1D and 2D PCs.15–33 All
the articles related to superconducting SC PCs were inves-
tigating regular nondefect structures. The interest to the SC
PCs is due to their applications in a new type of resonators34
and microstrip filters based on YBa2Cu3O7 which work in
the gigahertz regime.35 By tuning the temperature of the su-
perconductor, the RI of the SC component can be changed,
and as a consequence, the PBG can be controlled. Quite re-
cently a tunable Mach–Zehnder interferometer with a 2D
photonic structure composed of copper oxide high-
temperature superconductor has been proposed in Ref. 36. In
this paper36 large tunability of the PBG in the temperature
interval from 5 K till 105 K in the SC state is demonstrated.
The SC PCs based devices potentially can find application in
high frequency electromagnetic circuits from microwave un-
til optical regimes including terahertz THz frequencies,
which is very important for lossless communication systems
and networks working at liquid nitrogen temperatures.
In a recent paper,37 the influence of a thin SC layer on
the transmission, reflection, and absorption in a 1D dielectric
PC was theoretically studied. As shown in Ref. 37, a thin SC
layer, deposited on one side of a dielectric PC, leads to a
decrease in the transmittivity for an EMW polarized along
the x-axis, whereas a y-polarized EMW propagates through
this PC practically without losses.
In our recent paper38 we presented the results of a theo-
retical investigation of the light transmission through a 1D
dielectric PC with a complex defect layer composed of SC
and dielectric parts. The influence of a SC sublayer with
different thicknesses on the behavior of the defect mode in-
side the PBG was studied at different temperatures. It was
shown that the position of the defect mode and the value of
the transmittivity at the defect mode frequency strongly de-
pend on the thickness of the SC sublayer, as well as on the
temperature. In that paper38we investigated the case of nor-
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mal incidence of the EMW only. Nevertheless, the effects
coming from an oblique incidence of EMWs with different
polarizations are important, as theoretically demonstrated in
Ref. 28 for the regular superconductor-dielectric PC.
In this paper we extend our investigation on the trans-
mittivity, reflectivity, and absorptance spectra of a PC with a
complex SC defect in the case of oblique incidence of light.
The paper is organized as follows. In Sec. II, we describe
the model and analytical approach. In Sec. III the numerical
calculation of the transmittivity, reflectivity, and absorption
spectra for a 1D PC, composed of dispersionless strontium
titanate and aluminum oxide, and a defect layer, composed of
a dispersive SC sublayer of YBa2Cu3O7 and a sublayer of
strontium titanate, are presented. In the Conclusions we sum-
marize the obtained results.
II. MODEL AND METHOD
Let us consider a finite size 1D PC of the structure
BANDefBAN consisting of two regular PCs BAN and the
combined defect layer Def =AdefSC embedded between
them, as depicted in Fig. 1. The combined defect consists of
the SC sublayer of thickness ds and the dielectric sublayer A
of thickness d1Def, respectively. We assume the layers A of
thickness d1 to be strontium titanate SrTiO3. The layers B of
thickness d2 are aluminum oxide Al2O3. The SC sublayer we
consider to be YBa2Cu3O7. The period of the regular struc-
ture is D=d1+d2. The selection of these dielectrics is due to
the fact that both these materials SrTiO3 and Al2O3 are
widely used as substrates for YBa2Cu3O7 SC films. The me-
dium surrounding the PC is vacuum. The PC’s layers are
located in the xy-plane and the z-axis is perpendicular to the
interfaces.
We consider the case of oblique incidence of the light on
the right hand surface of the PC under the incidence angle 
see Fig. 1. The incident light is linearly polarized: TE- or
TM-polarizations the EMWs with electric field vector E
along y-axis or in xz-plane, respectively.
The transmittivity and reflectivity spectra of the 1D PC
can be calculated by means of a 44 transfer matrix
method which is introduced by Berreman39 and successfully
used by Yeh40,41 for anisotropic 1D periodic structures and
by us for 1D magneto-optical PCs.42 The transfer matrix Tˆ
for the PC under consideration can be presented as follows:
Tˆ = Sˆ01Tˆ 05SˆdefTˆ 05Sˆ10, 1
where the matrix Sˆ10 describes the EMW transition through
the boundary “vacuum–medium A” and Tˆ 0 is a transfer ma-
trix for the unit cell of the PC
Tˆ 0 = Sˆ12Eˆ 2d2Sˆ21Eˆ 1d1 , 2
defined as product of the matrices Sˆ12 and Sˆ21 Sˆ12=Sˆ21
−1,
connecting the EMW’s field amplitudes at the different sides
of the boundaries “medium A–medium B.” They are defined
as
Sˆ10 = Aˆ 1−1Aˆ 0, 3
with 44 matrixes Aˆ jj=0,1 ,2 written in the quasidiago-
nal form
Aˆ j = Aˆ jTE Oˆ
Oˆ Aˆ j
TM  , 4
where Oˆ denotes a 22 zero matrix and Aˆ j
TE
and Aˆ j
TM
describe the EMW’s amplitude coefficients for the TE- and
TM-modes
Aˆ j
TE
=  1 1
,j − ,j
, Aˆ jTM =  1 1
− ,j ,j
 , 5
where the matrix components are determined as
,j = kjzc/ j, ,j = kjzc/ j , 6
with the wave vector z-components
kjz = − kx2 + /c2 j j . 7
The diagonal matrices Eˆ jdj , j=1,2 in Eq. 2 present the
phase incursions within the corresponding layers
Eˆ jdj = diageikjzdj,e−ikjzdj,eikjzdj,e−ikjzdj . 8
In Eq. 1 the defect layer matrix Sˆdef can be written as
Sˆdef = Eˆ d1d1DefSˆ1sEˆ sdsSˆ s1, 9
where Sˆ s1 connects the field amplitudes at the boundaries of
the medium A and the SC sublayer, labeled as “s”
Sˆ1s = Aˆ 1−1Aˆ s. 10
The matrix Aˆ s has a form similar to Aˆ j, and is defined by Eqs.
4 and 5 with
,s = ks
TEc/s, ,s = ks
TMc/x,s , 11
where k
sz
TE
and k
sz
TM
are the z-components of the EMWs of
TE- and TM-polarizations in the SC sublayer
ksz
TE
= − kx2 + /c2s,ys,
ksz
TM
= − kx2 + /c2s,xs. 12
Obviously, the phase incursion matrices Eˆ sds and
Eˆ d1d1Def in Eq. 9 refer to the SC and dielectric parts of
the combined defect layer
k è
d2 d1 d1Def ds
A AAB B B
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FIG. 1. Color online Schematic of the finite two-component 1D PC
AB5AdefSCAB5 with the combined SC defect layer.
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Eˆ sds = diageiksz
TEds,e−iksz
TEds,eiksz
TMds,e−iksz
TMds ,
Eˆ d1d1Def = diageik1zd1Def,e−ik1zd1Def,eik1zd1Def,e−ik1zd1Def .
13
In our consideration we used the frequency- and
temperature-dependent dielectric permittivity tensor with
nonzero diagonal components xx ,T and yy ,T
=zz ,T, introduced in Ref. 37
s,,T = 1 +
4	i


s,,T,  = xx,yy , 14
Here, the dynamic electrical conductivity tensor 
s, ,T is
defined as

s,,T = f+,T
s,+ ,T + f−,T
s,− ,T ,
where 
s,
  ,T are determined as follows:

s,
+ ,T =
iT4 − Tc
4
s,
0Tc
4 +  TTc
4

s,
− ,T ,

s,
− ,T =
Tc
s,
0T − iTc
, 15
where Tc and f ,T are critical temperature and the elec-
tron distribution functions, respectively,
f,T = exp	 − sTkBT 
 + 1−1. 16
In Eq. 16 s is determined via the temperature-dependent
superconductor half-gap energy T as s=T, which is
approximated as T01− T3 /Tc
31/4 see for details
Ref. 37.
III. NUMERICAL RESULTS AND DISCUSSION
In this section, we analyze numerically both transmittiv-
ity and absorption spectra as function of the incidence angle
 between 0° and 90° for a PC with the SC sublayer thick-
ness ds fixed to be 10, 20, and 30 nm. In the present paper we
restrict our consideration to spectra with the first lowest in
frequency PBG. As in our previous paper,38 for the numeri-
cal calculations presented below we chose the following pa-
rameters of the PC: the unit cell number N=5, the PC’s pe-
riod D=5 m, and the dielectric layer thicknesses d1
=0.42D and d2=0.58D. The thickness of the dielectric defect
sublayer is equal to d1Def =0.42D=2.1 m. We calculated
the optical properties of the PC at the temperature T=77 K
below Tc. The RI’s for the PC’s constituents are equal to
n1=2.437 for SrTiO3, n2=1.767 for Al2O3.43
It should be noted that in the optical and near infrared
ranges the electrodynamic properties of YBa2Cu3O7 can be
described by a dielectric permittivity only, i.e., the magnetic
permeability is assumed to be s=1.
For an estimation of the frequency and temperature de-
pendence of s, see Eq. 14 we used the following param-
eters: the scattering rate component =1.41013 s−1, the
London tensor components at absolute zero 
s,x
0
=2.1
10−30 s2 and 
s,y
0
=1.910−28 s2, as well as the half-gap
energy at absolute zero 0=3.010−2 eV.37 The critical
temperature for YBa2Cu3O7 is Tc=90 K.
First, we start our consideration with a PC having a pure
dielectric defect when the SC sublayer is missing, ds=0. In
Figs. 2a and 2b the transmittivities for EMW’s of TE- and
TM-polarizations TTE,TE and TTM,TM are given versus the
incidence angle  and normalized frequency D / 2	c
within the first PBG and its vicinity. For the considered
structure the incident light of TE- or TM- polarization pro-
FIG. 2. The top view of the transmit-
tivities TTE,TE a, TTM,TM b, and
reflectivities RTE,TE c and RTM,TM
d vs the normalized frequency
D / 2	c in the range of the first
PBG and its vicinity and the inci-
dence angle . The results are obtained
for the case of the dielectric defect
layer d1def =d1 without the SC
sublayer.
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duces the reflected wave of the same polarization: TE or
TM. In other words the off-diagonal components of the re-
flection and transmission matrixes TTE,TM and TTM,TE are
zeros.
The corresponding reflectivities RTE,TE and RTM,TM for
TE- and TM-modes are depicted in Figs. 2c and 2d.
In the considered frequency range both dielectrics
SrTiO3 and Al2O3 are not absorbing media, so the absorbtion
in the PC of the structure BANAdefSCBAN is especially
due to presence of the SC defect sublayer. In the absence of
the SC insert, the energy conservation law leads to the obvi-
ous relation T+R=1,44 where =TE,TM denotes the
polarization of the EMW. So, for corresponding polarizations
the transmittivity spectra in Figs. 2a and 2c and the re-
flectivity spectra in Figs. 2b and 2d are mutually comple-
mentary.
In Figs. 2a–2d one can see, that for both TE- and
TM-modes the increase in the incidence angle leads to a
significant shift in the defect mode, as well as of both the
PBG edge’s positions from those in the case of normal in-
cidence to the higher frequency range. The analogous be-
havior of the PBG edges of the TE-mode is obtained in Ref.
28 for a 1D SC PC. Nevertheless the intensity behavior of
the transmitted EMWs with the incidence angle increase dif-
fers drastically. For TE-polarization the intensity of the de-
fect mode and both PBG edges decays steadily and becomes
narrower with the increase in , while for the TM-mode,
first, the defect mode intensity grows slowly and broadens.
Next, after reaching the maximal value at 70°, the TM-
polarized defect mode quickly drops in intensity and disap-
pears practically, splitting into two vanishingly small
branches at the grazing angle Fig. 2b. At the case of nor-
mal incidence =0 the defect modes for both TE- and TM-
polarizations are located in the center of the first PBG. In-
creasing  leaves this centered position of the TM-polarized
defect mode intact practically for all values of . The TE-
polarized defect mode slightly deviates from the centered
position at the grazing incidence angle Fig. 2a.
The presence of the SC defect insert in the PC leads to
modification of the transmittivity and reflectivity spectra of
the PBGs as well as to appearance of absorption of the
EMWs. In Figs. 3–5, we show the resulting transmittivity
and absorptance spectra for the PCs with different values of
ds equal to 10, 20, and 30 nm, calculated for temperature T
=77 K.
It should be noted that the SC sublayer exhibits strongly
pronounced optical anisotropy. Both diagonal components of
the permittivity tensor s,x and s,y are complex, more-
over, in the considered frequency range first PGB both real
and imaginary parts of s,x are about two order of mag-
nitude larger than the corresponding ones for s,y. As
s,y and s,x are responsible for the TE- and TM-
polarized modes, respectively, it means that the decaying of
the TM-polarized mode with the SC layer thickness ds inside
the SC sublayer is much stronger than of the TE-polarized
one. This difference in s,x and s,y leads to a drastic
contrast in the behavior of TE- and TM-polarized modes
with variation in the SC sublayer thickness ds, as reported in
our paper.38
As was shown in Ref. 38, the variation in the SC sub-
layer thickness within some tens of nanometers does not pro-
duce visible changes in the PBG spectra of the y-polarized
mode. The same behavior is typical to TE-polarized modes
in the case of oblique incidence of the light. For this reason,
we omit the corresponding figures of the PBG spectra for
TE-modes for the PC with the SC sublayer ds=10, 20, and
30 nm, referring to Fig. 2a above. In Figs. 3a, 3c, 4a,
4c, 5a, and 5c, we present the absorptance spectra for
FIG. 3. The top view of the absorp-
tance ATE,TE a and ATM,TM c,
transmittivity TTM,TM b, and reflec-
tivity RTM,TM d, vs the normalized
frequency D / 2	c and the inci-
dence angle . The calculations are
performed for the PC with the dielec-
tric and SC defect layers of thick-
nesses d1def =d1 and ds=10 nm, re-
spectively, for T=77 K.
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TE- and TM-modes. In Figs. 3b, 3d, 4b, 4d, 5b, and
5d, we give the transmittivity and reflectivity spectra for
TM-modes. Comparing the corresponding parts of Figs. 3–5,
we can conclude that the increase in ds leads to a significant
shift in the TM-polarized defect mode to the high frequency
edge of the first PBG for all incidence angles. For the case of
the PC with ds=10 nm Fig. 4b the defect mode is still
separate from the PBG’s edge, but at ds=20 nm it comes
quite close to the edge, and at ds=30 nm it practically
merges with it Fig. 5b for all incidence angles except 
70°.
In contrast to the case of a pure dielectric defect layer
Fig. 2, in Figs. 3–5 the TM-polarized defect modes are
shifted from the PBG center toward the high frequency edge
already at normal incidence =0. This off-centered posi-
tion remains with the variation in the incidence angle. The
FIG. 4. The same as in Fig. 3 except
for ds=20 nm.
FIG. 5. The same as in Fig. 3 except
for ds=30 nm.
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defect mode itself becomes wider and more intense with in-
creasing of  till approximately 70°. After that its intensity
goes down to zero at =90° without splitting, as in Fig. 2b
for the PC with the pure dielectric defect layer. The same
behavior of the TM-polarized defect mode at the grazing
angle, we can see in Figs. 4b and 5b.
In Figs. 3a, 3c, 4a, 4c, 5a, and 5c we demon-
strate the top views of the absorptance for TE-modes a and
TM-modes c versus the normalized frequency and inci-
dence angle for a set of values ds=10, 20, and 30 nm. These
figures are in direct correspondence with Figs. 3b, 3d,
4b, 4d, 5b, and 5d for transmittivity and reflectivity,
described above, as the energy conversation law requires
A=1− T+R A ,=TE,TM, is the absorptance of
the corresponding mode.44 One can see, that the raised ab-
sorptance areas correspond to the defect modes and the edges
of the PBGs. The difference in absorption features for the
defect modes of TE- and TM-polarizations is obvious. The
defect modes of TM-polarization are characterized by larger
values of absorptance. For TE-polarized modes, the absorp-
tion decays with the incidence angle increase, while for TM-
polarized mode it rises till essential values about 0.5 at the
grazing angles for example, for the PC with ds=10 nm in
Fig. 3c. Besides the defect modes, the absorption is rising
at the PBGs edges. For TE-modes there are narrow absorp-
tance lines for large  at the low frequency edges. For TM-
polarized EMWs there is notable absorption on both PBG
edges, especially for the cases of larger ds see Figs. 4c and
5c.
Comparing the corresponding Figs. 3a, 3c, 4a, 4c,
5a, and 5c one can see that the TM-mode absorptance
exhibits essential changes with the increase in ds, while the
change in the TE-mode one is not so evident on the top view
maps. Moreover, for all SC layer thicknesses, considered
above, the TM-mode absorptance is much larger than the
TE-mode one.
The common tendency in the modification of the absorp-
tance spectra for TE-polarized defect modes for all consid-
ered thicknesses ds=10, 20, and 30 nm is a shift in the peaks,
attributed to the defect mode, to the high frequency range
with increasing of . The value of the shift in the defect
mode absorptance peak is quite large: 0.02878 in dimension-
less units D / 2	c which corresponds to 10.84 THz for 
going from normal incidence to =80°. Under this condition
the magnitude of the absorptance peak undergoes almost a
ten times reduction: from 0.0164 at normal incidence to a
vanishingly small value 0.0018 for the case of ds=30 nm.
In Figs. 6a and 6b we compare the positions and
values of the absorption peaks for modes of TE- and TM-
polarizations, respectively, for fixed incidence angle =20°.
Figure 6a demonstrates that the positions of the absorption
maximums remain steady with increase in the SC layer
thickness. The corresponding results for TM-modes are
given in Fig. 6b. In contrast to Fig. 6a, for TM-modes for
all  the absorptance value at the defect mode frequency
dominates, exceeding the absorptance at the PBG edges and
the nearest frequency ranges. Moreover, one can see that the
positions of the absorptance maxima are shifted to higher
frequency with increase in the SC layer thickness.
In Fig. 7, we present the dependence of the normalized
PBG width  /0 on the incidence angle . Here 0
is the PBG width at =0. The solid and short-dashed lines
correspond to the PBG widths for TM- and TE-modes, re-
spectively, for the case of the PC without a SC sublayer
ds=0. The dashed, dotted, and dash-dotted curves present
TM-mode PBG widths for the PCs with the SC defect layers
of thicknesses ds=10, 20, and 30 nm, respectively.
FIG. 6. Color online The absorptance profiles for the TE-modes a and TM-modes b in the cases of the light incidence at =20°, The solid, dashed, and
dash-dotted lines correspond to the SC layer thicknesses of ds=10 nm, 20 nm, and 30 nm, respectively.
FIG. 7. Color online The normalized band width of the first PBG
 /0 as function of the incidence angle  for TE- and TM-modes in
the cases of the SC sublayer thicknesses ds=0, 10, 20, and 30 nm.
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The behavior of the PBG widths for TE- and TM-
polarized modes is different. The thin SC sublayer of thick-
ness of some tens of nanometers does not have a distinguish-
able effect on the PBG width for the TE-polarized mode, so
the resulting PBG widths data for the PCs with ds=10, 20,
and 30 nm produce practically identical outputs, presented
by the same short-dashed curve on Fig. 7. For TM-modes,
the presence of the maximum of the normalized PBG width
 /0 at some value of  is a specific feature of its
dependence on the incidence angle. The PBG width of the
TE-polarized EMW exhibits no extremums and the broaden-
ing of the PBG with the increase in  is more or less mono-
tonic, achieving almost 24% of the value 0 at the graz-
ing angle. As for TM-modes, the largest value of the PBG
width is achieved for the PC with the pure dielectric defect
layer the solid curve with the maximal PBG width equal to
18% of 0, attained in the vicinity of 65°. The insert
of the SC sublayer leads to a lowering of the maximum of
the normalized PBG, accompanied by its shift to larger val-
ues of . For ds=10 nm the maximal value of the PBG
width is 14% of 0 at 70°; for ds=20 nm it is 10%
almost at the same incidence angle; and for ds=30 nm it is
about 9% at 75°.
IV. CONCLUSIONS
In conclusion, we have investigated the 1D PC with a
complex bilayer defect, composed of SC and dielectric con-
stituents. The behavior of the defect modes with different
polarizations as a function of the incidence angle variation is
studied both analytically and numerically for different thick-
nesses of the SC sublayer. We showed that the intensity of
the TE-polarized defect mode decreases with increasing in-
cidence angle, whereas the intensity of the TM-polarized de-
fect mode increases. The increase in the SC defect sublayer
thickness leads to a shift in the defect mode of TM-
polarization to higher frequencies up to its merging with the
right PBG edge. The pronounced contrast in behavior of TE-
and TM-polarized modes is based on the in-plane anisotropy
of dielectric tensor components of the SC sublayer.
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